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When two of these quantities are known the third can be calculated (1). So far as I am aware, the three quantities have never been measured in one and the same animal. But V and T have been simultaneously measured by me (2), in anesthetized dogs, with unopened chest and abdomen, and V and Q by Kuno (3) on the heartlung preparation, V being made to vary within wide limits in Kuno's experiments, principally by changing the venous pressure while the arterial pressure varied little. V alone has been measured by a number of observers in different animals and in man, and by different methods. Q 1 a one has been estimated by Heger and Spehl (4), by Spehl (5) and by Spehl and Desguin (6), in rabbits; by Plumier (7) in dogs. Menicanti's observations (8) on Q in the dog, cat and rabbit are probably the least valuable, as he opened the thorax and rapidly tied off the lungs, without permitting them to recover their normal position and volume after adjustment of the ligature, as Plumier did in his careful experiments. On the whole, it may be said that the data in regard to Q are scant4ier and probably less satisfactory than t'hose in regard to V and T. Observations on T alone have been made by me on many rabbits (9), a fairly large number of dogs, a good many cats and one bullfrog. Edmunds (10) has employed the same met)hod mainly in rabbits (and some dogs) in a research on the influence of certain drugs, including adrenalin. Plum& (7), Steinhaus (11) and Langlois and Desbouis (12) also used mv method in dogs, the last named observers for the purpose of investigating the effect of asphyxia and adrenalin.
All of t!hese workers, except Edmunds, opened the carotid and inserted a tube containing electrodes which dipped directly into the blood.
This entails the injection of an anticoagulant (Witte's peptone was used), and I cannot admit that the modification is at all an irnprovement on the original method, one of the advantages of which is that the artery does not need to be opened.
The insertion of electrodes directly into the blood stream was carefully considered when the method was being worked out, and was rejected.
All my estimations were made more than 25 years ago but only those on the rabbits were published in detail.
The chief reason for the delay in the publication of the data on dogs was, that by using animals of very different body-weights I had hoped to verify a relationship, tentatively suggested in a preliminary note (13), between T and the surface area. It seemed probable, accepting Rubner's law of the relation of the intensity of metabolism in homoiothermal animals to the surface, that V would also be some function of the surface.
In a series of dogs going down to quite small body-weights V seemed to increase in the larger animals less rapidly than the body-weight, and rather in proportion to the surface.
As might be expected, this appears more clearly when quite large and quite small animals are compared than in the middle range. It was hoped to obtain more data on this point also. Then if any fairly definite relation seemed to be established between V and surface, linear dimensions or body-weight, it was planned tlo make a series of determinat'ions of Q in dogs of different size to see how closely the numbers actually obta#ined agreed with those calculated from V and 7'. From this it follows that if V a S, Q a 28, or Q a IT', where W is the body-weight. Probably this conclusion agrees witJh tlhe preconceived idea of most physiologists, that the average quant,itly of blood in the lungs is approximately the same fraction of the body-weight in a large as in a small dog, and the same fraction of the total blood. For those, however, who consider that the total blood is more nearly related to the surface than to the body-weight, it may seem more probable that t'he quantity of blood in the lungs varies as the surface.
s
In this case V = ?C ~ = k: 1 'x, t,hat is, the minute l/ s volume must then vary as the square root of the surface. This is easily shown to be wrong from available data on the outputI, which certainly increases in passing from the smaller to the larger animals of a series at least as fast as the surface.
In the equation If T varies as a lower power of S than the square root, say T =aSi and Q a IV, we get V=kW$ the minute volume increasing more rapidly than the surface but not as rapidly as the body-weight in passing from the smaller to the larger dogs.
While such calculations have a certain value even if one of the quantities can be shown to have a fairly definitle relation to the body-weight or surface, their utility and interest would be much enhanced if such relationships could be established for all or at least for two of them. At the time of my earlier experiments I had hoped to extend them with the aim of obtaining more and possibly better data, pa.rticularly with reference to V and &. Further reflection convinced me, however, tJhatl having regard to the circumstance that all the observations would have to be made on anesthetized animals, in which the quantities in question would necessarily vary from time t,o time in the same animal and from one anima*l tlo another, independently of any relation which might exist between tlhem alnd the surface or body-weight, the number of experiments required to establish satisfactorily any definite relat:ionships, assuming that such exist, would be very great. QuantiGes of this kind, it is to be supposed, are more variable and above all more susceptible to the necessary experimental conditions than such a quantity as the total volume of blood in an animal (14), or the weight of a given blood-free organ, or the cross section of the aorta or trachea (15) In the meantime also objections to Rubner's law became more numerous, and it seemed at, any rate to need restatement and modification, as well pointed out by Benedict (16), although Du Bois (17) considers that when properly interpreted it is still in the main consistent with the results obtained for basal metabolism in man. More important for our purpose is the fact recently recorded by Barcroft and his collaborators (ES), that some individuals of a species (goats) habitually utilize in the tissues a greater proportion of the oxygen taken up by tlhe blood in passing through the lungs than others, so that a smaller minute volume of blood suffices to maintain the same intensity of metabolism.
This must be coupled either with a smaller average linear velocity of the blood (corresponding to a greater average circulation time), if the total quantit#y of the blood is not lessened, or with a smaller total quantity of blood if the average linear velocity is not lessened (i.e., the average circulation time not increased).
Theoretically it is obvious tlhat there are other combinations which will cause a reduced minute volume.
For instance, the quantity of blood might be increased but the average circulation time increased still more, or the quantity of blood might be diminished but the average circulation time not so much diminished.
The quantity of blood in this connection is that which is effectively circulatin g at any time, not including anyport,ion which may be more or less stagnant.
It is clear that if marked habitual differences in the oxygen use can occur in different individuals, this would obscure any general relation of minute volume to surface, if tlhis existed in the majority of the individuals of a series, at least until the size of the animals became so small that an increased utilization of oxygen-carrying capacity of the blood could no longer keep pace with t'he increasing intensity of the metabolism.
For this reason I see no prospect of being able tlo carry the investigation farther, and desire now to publish the data accumulated, especially those on the pulmonary circulation time in dogs, which, I hope, possess some value in themselves, apart from the object for which they were originally obtained. In the animals in which 2' was directly determined as well as I/', the question whether V is a function of the surface does not, of course, arise, and it becomes of interest to know what values are obtained for Q when the observed values are substituted for V and 7'. Now that Barcroft and his pupils have modified the method of Zuntz (N), depending on comparison of the oxygen content of the mixed venous blood and of the arterial blood, and have shown that it gives remarkably concordant results for V in animals under constant anesthesia (20), there can be little doubt, I think, that it is the best method, for most purposes at least. The automatic passage into the blood of the substance (oxygen), the quantitative changes in which serve to measure the minute volume, is an advantage not enjoyed by a met!hod depending on the injection of a salt. But probably the greatest advantage, when numerous estimations are to be made at short intervals, is that no water is introduced into the blood.
V and T are known to vary considerably in one and the same animal under different conditions. Unless V always varies inversely as T, Q must also vary. It has been shown that V does not always vary inversely as T. Although an increase in V is often associated with a decrease in T, it may be associated also with an increase in Q without change in 7'. It is possible that sometimes an increase in V may be accompanied both by a decrease in T and by an increase in Q, as illustrated by Kuno (3) on the heart-lung preparation, or even by an increase in T while Q increases still more. The actual occurrence of the last combination has not been sufficiently demonstrated.
In a separate paper will be given the weights of the lungs, heart and other organs of a series of dogs of widely varying body-weight, largely freed from blood by exhaustive bleeding. In these animals the area of the skin was also approximately measured, and certain interesting relationships of the organ weights to body-weight and surface seem to come out. In a number of additional dogs the weight of the lungs after deducting the residual blood contained in them (estimated colorimetrically) was obtained. Since the lung parenchyma may be looked upon as a very extensive thin membrane covered over the greater part of its surface with capillaries which do not differ materially in caliber, at least in animals of the same kind, the weight of the blood-free lung, freed from large bronchi, is probably pretty closely proportional to its surface, and therefore to its vascular capacity with the capillaries distended to average width under average pulmonary blood pressure. Kuno (3) showed on the heart-lung preparation that the quantitv of blood contained in the two lungs of the same dog, which, as is ivell known, differ markedly in weight, the right being the heavier, is approximately proportional to the weight of the blood-free lungs. Weighing the lungs cannot, of course, take the place of proper determinations of Q but, is far easier to carry out, and, what is more important, is far easier to carry out correctly.
And the relation of Lhe lung weights to body-weight or surface might at any rate give some indication how & might be expected to vary in a series of animals differing greatly in size, no good determinations of this kind having yet been made. The time of the lesser circulation (in dogs). T is practically always obtained in the form of a crude number (time from a vein, usually the external jugular, to a systemic artery, usually the carotid). A correction must therefore be applied for the time from the left ventricle to the artery.
This correction is as small as possible, in determinations made without opening the chest, when the point at which the arrival of the salt or pigment is noted is on the carotid low in the neck It is less in small than in large animsls, and therefore in rabbits thanin dogs. The Yost time" between the point of injection and the heart is usually negligible, since in my observations salt or methylene blue solution, injected from a syringe, or better from a burette, through aI cannula in the jugular low in the neck or through a catheter passing into! the superior cava, would reach the heart practically as soon as injection began. The cannula or catheter and probably the dead end of the vein are already filled with the solution.
It is not at all advisable to inject into a distant vein like the saphenous, as was done by Plumier (7) in some of his experiments, since this entails a considerable correction, which cannot be accurately made merely by calculating from the average velocities in the veins given in the textbooks.
Another correction, which can only be roughly applied but which is unimportant when the heart is beating at a fairly rapid rate, concerns the time lost in the heart according to the point in the cardiac cycle at which the first of the solution enters the right ventricle.
If it enters it just before closure of the tricuspid valve, with a pulse rate of 120 per minute, some of the salt will have passed into the pulmonary artery a small fraction of a second thereafter.
But if the salt begins to enter the right ventricle immediately after the opening of the tricuspid, nearly half a second may elapse before it begins to pass into the lungs. If having begun to enter the right ventricle just after systole, the first of the salt happened to reach the left ventricle just after systole, the lost time in the heart might not be far from a second, but this would be the maximum possible.
The average would be less than half a second. If the heart rate is only GO a minute, as in a good many of our morphinized dogs, the average would be less than a second, and when the mean of a number of successive determinations of T is taken, the error is automatically approximated to the average. If this correction is made, Q must be taken as the quantity of blood in the lungs, and T as the actual average time of transit of Q cc. of blood from pulmonary artery to pulmonary veins.
But it is more convenient in general to consider T as the time from the entrance of the salt into the right ventricle to its appearance in the aorta.
In this case Q must be taken as the blood in the lungs, plus a proportion of t*he blood in the heart varying from approximately twice the output of one ventricle per beat to nothing, according to the phase of the cardiac revolution at which the salt enters the ventricles.
The average amount of blood to be added t,o that in the lungs will be equal tlo the output of one ventricle per beat.
F%unier (7) is not quite accurate in saying that all the blood in the heart (both sides) and lungs must be renewed in the time of the lesser circulation. This could only be true if the heart was not beating, and the ventricles were sitting full of blood while an artificial flow was kept up through the lesser circulation.
This One of the most direct proofs of the truth of this reasoning is t,hat the observed time of passage of the altered column of blood over an artery, when salt or pigment solution is infused into the jugular vein, is in general not much longer than the time for which the infusion is kept up. The excess in the time of passage may be relatively greater with a short period of injection than with a longer period because the " lost time" in the heart, depending on the phase of the cardiac cycle at which the solution enters the ventricles, will be on the average of the same absolute magnitude. In such observations the quantity of residual blood in the ventricles after systole will also have an influence upon the time of passage of the column, although not upon the circulatlion time as determined by the arrival of the first portion.
The washing out process must tend to prolong the time of passage, and since the absolute amount of the "lag" caused in this way will be the same for a short as for a long period of injection, the relative prolongation will be much greater with very short injection periods.
Since in spite of the lag due to washing out, the time of passage with injection periods of moderate duration (not so long as to allow a round of the circulation to be* completed) only slightly exceeds the time of injection, or even coincides with it in length, when the animal is still normal, it must be concluded that "hastening on" of the salt in the axial stream does not sensibly affect the circulation time of capillary tracts, as measured by these In the experiments in table 1 the electrodes were on the femoral artery except in dog XVI, where they were on the carotid, and in dog XVII, in which they were on the carotid in the first observation and on the brachial in the others.
In dogs XXI and XXII the injecting cannula or catheter was in the left ventricle, in XXIV in the descending thoracic aorta; in XX it was in the left ventricle in the first 4 observations, in the last 3 in the jugular.
In all the other dogs the cannula or catheter was in the jugular.
The beginning and end of the sound are sharper with injection into the left ventricle than with injection into the jugular vein. It should be noted that some of the times of passage are somewhat longer than the true time, because one often waited a little too long in order to be sure that the sound had declined to the minimum. This was noted in the last three observations on dog XX. The purposely much greater volume of solution injected as compared with the first 4 observations on this dog would also tend to increase the time necessary to "wash out" the ventricle.
In dog XIII the observations were made at the end of an experiment, during which numerous injections of 5 per cent salt solution had been made. Some degree of plethora was probably present, increasing the time of washing out of the heart. With This possibility was illustrated in the second and fourth observations on dog VI, in which a distinct reinforcement of the sound was noticed 16 seconds after the minimum had been reached.
In dog XVI the common result, that with injection of a relatively large amount of solution in a short time, the time of passage tends to be decidedly longer than the time of injection, is seen in one or two of the observations. This has already been explained as due to the relatively greater "lost time" in the heart, and the longer time needed for "washing out." In calculating the net time of the lesser circulation, the only way of of being quite certain of the correction necessary for the time from left ventricle to artery is actually to determine that time by observations on the same animal with injection of salt into the left ventricle. When this is done, an artery even as distant as the femoral can be employed without appreciable disadvantage.
This was the case in many of the experiments, because a branch of the femoral was in any case being used to collect blood for estimation of the output of the heart.
All the dogs were anesthetized with morphine, with in addition ether or ACE mixture.
Where the length of the dog is given, it was measured from the tip of the nose to the anus, with the animal stretched upon the board. Dog correct, and a much higher value, say 12 seconds, were taken for the average T, the impossible proportion of nearly half of the total blood would have to be attributed to the lungs. Even if we assume that the minute volume was over-estimated and take it as 150 cc. per kgm. per minute, less than the average for our series of dogs, the fraction of the total blood in the lungs would still be -be There was no evidence of plethora caused by the injections, the output varying little from beginning to end of the experiment. If there is any question as to the net circulation time from right ventricle to aorta, it is whether it should not perhaps be made slightfly shorter by allowing half a second or so for lost time in the heart, which would make the fraction of the total blood in the lungs, with minute volume 190 cc. per kgm., B (and with minute volume 150 cc., about 3>. Deducting 20 cc. for the output of the ventricle per beat, we get 155 cc. as the blood in the lungs, equal to i of the total blood. Again the question is not whether T has been taken too low, as Tigerstedt (21) would maintain, but whether another second or so could not possibly be deducted from it. Even if this were done, and there is probably no justification for it, the fraction of the total blood contained in the lungs would still be little less than &. The output did not alter essentiallv throughout the experiment, and there is no evidence of plethora.
c.
Of course, as in all these experiments after repeated injections of salt solution and removal of samples of blood, there was some diminution in the viscosity of the blood. Taking the average minute volume for the first part of the experiment at the round number ZOOcc., we have 1400 = IZQ, or Q = 110 (say). Deducting 30 cc. for the output per beat of the ventricle (taking the average pulse rate at 45), we get 80 cc. as the, blood in the lungs, or about 3 of the total blood.
For the second part of the experiment, witlh an average minute volume of 150 cc. per kgm., Q = 85 cc. ; or deducting the average output of the ventricle per beat (20 cc.), the blood in lungs is 65 cc., about $F of the total blood.
It will be observed that in the above experiments the average time, over the whole of the path from left ventricle to femoral, is distinctly longer than would have been obtained if the measured distances were divided by conventional values for the linear velocity of the blood in the large arteries. This is illustrated in table 2, some of the data in which have been published previously (24 it is noted that at the time of these observations the heart was weak.
In dog XXV the chest was opened and the salt solution injected through In another dog (C) weighing 9.8 kgm., the average time from a catheter in the jugular to the carotid low in the neck (7 cm. from the heart) was 9.2 seconds. The time from the jugular to the femoral artery (42 cm. from the heart, just below Poupart's ligament), was 15.2 seconds. To traverse the last 35 cm. of the arterial path to the electrodes on the femoral, 6 seconds was required, an average linear velocity of scarcely 60 mm. per second, or with an average pulse rate of 57 per minute about 63 mm. per heart beat. The (corrected) average time of the lesser circulation was reckoned at 7.5 seconds in this part of the experiment.
Later on pulmonary edema developed, with marked hyperpnea. The circulation time from the catheter in the jugular to the femoral artery was distinctly shortened, to 9.1 seconds (average of 6 observations) and the pulse rate much increased, first to 80 and at last tlo 146 a minute. The time of the lesser circulation must have been considera-bly d iminished , and this mus t have been associated either with an inc in V owing to the increased venous return due to the hyperpnca, reasc or to a diminution in & owing to a diminished vascular capacity of the lungs caused by the edema, while the right heart was still able to force throughthe lungs the blood which reached it. Kuno (3) in two experiments on the heart-lung preparation, in which edema of the lungs was caused by the use of old blood found an increase in Q. He purposely kept the venous for perfusion, supply to the heart very small in order to imitate the pulmonary circulation in patients with edem a of the lungs, which he assumes must be very slow.
It is quest!ionable how far such experiments can be transferred to the intact circulation.
In any case no great stress should be laid on my single experiment, although it is an instance in which during edema the time of the lesser circulation was lessened.
The opposite condition is illustrated in t,he effect of asphyxia in augmenting the time of tjhe lesser circulation.
It was observed in my first series of experiments on rabbits (9) that a " venous" condition of the blood was associated with a lengthening of the pulmonary circulation time. When asphyxia wa' s prolonged the increase was very marked in both rabbits and dogs. Later, this was observed by Langlois and Desbouis (l2), and the amount of retardation measured systematitally in a series of dogs. I do not intend to discuss here the cause of the lengthened pulmonary circulation time in asphyxia, further than to point out that changes in the systemic circulation (vasoconstriction with increased arterial tion of the cardio-inh pressure) ibitory ce and changes in the heart beat (stimulanter, or weakening of the contraction, with engorgement of the right heart in prolonged asphyxia) must react upon the pulmonary circulation time, apart from any possible vasoconstriction in the lungs. conditlion (although here
The following experiment illustrates another there may also be an asphyxial factor) in . which the time of the lesser circulation has been found to be affected. To save the introduction of a large number of protocols, the values for the time of the lesser circulation in 23 dogs are given in table 3. The figures in each case are the average of a number of observations. As regards the times from the jugular or right heart to the artery, these are not subject to any uncertainty apart from ordinary errors of observation and the naturally occurring variations in successive observations.
In the dogs distinguished by roman numerals the minute volume was determined, and it is possible to calculate the quant*ity of blood in the lungs.
It may be pointed out that the numbers for the gross circulation time are about equally accurate, for the given experimental conditions, in the different animals, being the averages of a fair number of actually observed times, which did not differ widely in the same animal.
On the other hand, the numbers given for the net circulation time from the right heart to the aorta are of unequal value. Some were obtained by two measurements of the time, first, from the point of injection into the vein to the artery and then from the left ventricle to the artery.
The difference of these two times, with sometimes a small allowance for time lost in the passage of the salt from the cannula or catheter to the right ventricle, is the correct net time, and these are the most accurate observations (e.g., dogs XX, XXII and XXIII).
In others the net time has been obtained by using the time from the left ventricle to artery directly measured on other dogs of approximately the same size, in which the minute volume was the same and the distance of the electrodes from the heart (measured along the arteries) either the same or nearly the same. Where the gross time is corrected entirely by calculation of the probable time from left ventricle to artery from the length of the arterial path, tlhe results of the observations with electrodes on the carotid may be presumed to be more nearly correct than where the electrodes are on the femoral, since tlhe arterial path to the carotid is so much shorter.
The smaller the animal, the smaller in general is the error in allowing for this by calculation. An increase in the net time of the lesser circulation with the weight of the animal is most obvious when the smallest dogs are compared with the largest.
But for a considerable intermediate range no very definite relation tlo body weight is apparent.
This may be due partly to the unavoidable differences in the experimental conditions, and paMy to errors in calculating the net time.
In the animals in which det!errninations of the minute volume were available the quantity of blood in the lungs and the percentage of the total blood in the body (assuming it t#o be 23 of the body-weight) were calculated.
No great weight is to be attached to the absolute values obtained, and it is quite likely that some of the higher percentages may be somewhat, perhaps considerably, over-estimated.
This would be the case if either the minute volume or the net time of the lesser circulation were taken at too high a value. In general the percentages of the total blood constituted by the blood in the lungs are higher than have usually been assumed, and tlhan the results of determinations on the ligated lungs of dogs by Plumier (7). This agrees with the suggextion of Kuno (3), based on his observations on the quantity of blood-in the lungs when the circulation through the heart-lung preparation is varied, that the older estimates are too low. He got values varving from 8.8 to 19.4 per cent of the total blood, and in edema of the lungs as much as 26 per cent. Of course his conditions were artificial, but the general agreement with my results is suggestive.
In 5 experiments on the heartlung preparation of dogs he calculated the mean circulation timesof the lungs as 3.8, 4.4, 1.8, 2.2 and 2.2 seconds, the body-weights being 7, 8.1, 4.6, 4.2 and 5.1 kgm.
I have corrected his calculation for the second dog, the time given by him being 1.98 seconds.
It should be 4.4. These figures cannot be compared with mine because the velocity of the circulation was artificially varied within a wide range by changing the venous pressure, and therefore the amount of blood entering the right heart. Also, the net times in table 3 are from right heart to aort!a, while Kuno's calculated times are from pulmonary artery to pulmonary veins.
It is clear from table 3 t.hat the circulation time, as determined by the injection method, cannot be much too short, since this would tend to cause the calculated percentage of blood in the lungs to be low, not too high. It would be plainly impossible to double, or to greatly increase these circulation times without obtaining absolutely preposterous percentages.
Nor would any possible deduction for over-estimation of the minute volume enable us to materially increase the circulaCon times.
It has been previously pointed out (23) that, with the procedure employed in estimating the minute volume in the great majority of the observations, errors due to failure to collect the blood specimen exactly at the right time would generally tend to bring out too large a calculated minute volume.
It is possible therefore that in some of the observations this quantity may have been some what over-estimated, although aapart from certain observations in which it was specifically noted that such was the case, there was no evidence of this.
But if in any experiment such an over-estimation did occur, any allowance made for this ought almost certainly to be applied not to increasing the net pulmonary circulation time, but to diminishing the calculated quantity of blood in the lungs. Round numbers have been used purposely for the minute volume and the quantity of blood in the lungs, the latter being arrived at after deducting the output of a ventricle per beat from the amount reckoned on the net time from right Sometimes, as in dogs XVI and VII, the minute volume early in the experiment differed much from that obtained toward the end, either because of deterioration of the animal or because experimental conditions had been purposely or accidentally induced (e.g., hydremic plethora) which were calculated to affect the output.
It then depends upon the concomitant change in the pulmonary circulation time how much and in which direction the calculated quantity of blood in the lungs will vary.
Thus, in dog VII the reduction in the time almost exactly compensated for the increase in the minute volume, and the calculated quantity of blood in the lungs remained practically unchanged.
Some direct estimations. oj' the quantity of blood i,n the lu,ngs. I made some experiments on dogs to determine the extreme range of the amounts of blood contained in the lungs under different conditlions. The pulmonarv artery (or right heart) alone, or the aorta (or left ventricle) alone was blocked by the sudden injection of melted paraffin through a catheter passed into the jugular vein or carotid artery. In some experiments an attempt was made to block both pulmonary artery (or right heart) and aorta or left ventricle simultaneously. The animals were of course completely anesthetized.
The temperat'ure of the paraffin was such that it would pass through the catheter readily and yet solidify rapidly on reaching the blood (57" to 60°C.). The precise distribution of the para;ffin was determined post mortem. It proved easier to block the pulmonary a,rtery than i;he aorta.
A number of the experiments failed for various reasons, but a fair number were successful.
The lungs were ligated and generally the heart also, and the blood in them estimated calorimetrically. and the hepatic vein were blocked, but the right ventricle still contained 6 gm. of blood. The coronary arteries were blocked at their origin, but not their branches.
The liver was much congested. The lungs contained 22.2 grams of blood (about 6 per cent of the total blood).
The left ventricle contained 4 grams of blood. Superior and inferior cavae blocked near the heart. Aorta almost, but not quite completely blocked.
Blood in lungs, 42 grams (9 per cent of total blood). Blood in right ventricle, 8.5 grams; in left heart, 17 grams; in heart and lungs, 67 grams (14 per cent of total blood). were free. The heart beat at the rate of 48 a minute for 3 minutes after the injection and for 10 minutes more at a rate increasing to 78 per minute, the beat becoming somewhat irregular.
The chest was then opened. Blood in heart and lungs, 182 grams (30 per cent of total blood). Pulmonary artery and aorta completely blocked, also coronary arteries.
Some paraffin in the left ventricle. The animal died immediately, with hardly a single respiration after the injection. Blood in lungs, 9 grams (18.6 per cent of total blood), in heart cavities (chiefly right side) 4.5 grams. Total blood in body (estimated by Welcker's method) 48.5 grams (or $9 of bodyweight). Some paraffin in the right ventricle. Aorta fairly filled but not quite blocked. No paraffin in left heart. The unligated carotid was blocked.
Blood in lungs, 49.5 grams (7 per cent of total blood). Blood in right heart, 20.2 grams; in left heart, 5.7 grams. The left heart was firmly contracted.
Blood in heart and lungs, 75.4 grams (about 11 per cent of total blood). Blood in lungs and right heart, 165 grams (27 per cent of total blood). In one experiment of this series on a young dog the respiration and heart beat continued for an extraordinarily long time after injection of melted paraffin, at about 6O"C., into the right jugular and left carotid. The animal was anesthetized with morphine and ether. Injection was made into the vein a moment later than into the artery. The respiration was not immediately affected, at least not markedly.
The beat of the heart could be felt through the chest wall for 57 minutes from the end of the injection.
Respiration continued 52 minutes and was fairly regular, though rapid, until a few minutes before it stopped. Cornea1 reflex present till about 8 minutes before stoppage of the heart, and was well marked. Ammonia placed in front of the nose, about 47 minutes after the The object of the experiments was to determine the greatest and smallest quanti ties of blood contained in the lungs, or lungs together, under conditions inducing pulmonary in the heart and engorgement or ischemia.
While this object may be considered as having been attained, the number of experiments in which simultaneous blocking of the inflow and outflow of the lungs could be assumed to have been successfully accomplished is far too small t/o permit co nclusions as to the limits within which the quantity of blood in the lesser circulation may vary in ordinary physiological conditions.
Nor can it be claimed that the method was proved to be adequate for obtaining such data.
Absolutely simultaneous blocking of right and left heart (or of pulmonary artery and pulmonary veins) is essential for determining the quantity of blood actually contained in the lungs at a given moment. But the pressure of the injection must be much higher for the catheter or cannula in the left ventricle than for that in the right ventricle.
Two separate pressure bottles were employed, but the connecting tubes were opened simultaneously by a single movement of a hinged piece of wood which compressed them. The one advantage of the method is that the chest remains intact. Apart from the disadvantage of opening the chest, the method of tying off the lungs, as practiced by Plumier, has everything in its favor.
SUMMARY
If V is the minute volume of the heart in cubic centimeters, T, the mean circulation time of the lungs or of the lesser circulation in seconds, and Q, th .e average quant,itv of blood (in cubic centimeters) lesser circulationat the time when V and 5" are in the lungs or in the determined, 60 then 1;' = Q r.
The approximate values calculated for Q in a series of dogs in which V and T were estimated are given. The values of Q are usually higher than t/hose obtained by previous workers by direct1 estimation of the blood in the ligated lungs. Even if some deduction is made from V for possible over-esCmation of that quantity, Q still comes out so high that it is not possible to assume, as Tigerstedt has done, that methods depending on injection of salts or pigments into the circulation give much too low a value for T, owing to the "hastening on" of a portion of the injected substance in theaxial stIrearn.
In a 
